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INVESTIGATION OF THE I-40 JET-PROPULSION ENGINE IN THE
CLEVELAND ALTITUDE WIND TUNNEL
IT = ANALYSTIS OF COMPRESSOR PERFORMANCE CHARACTERISTICS

By Robert 0. Dietz, Jr. and Robert M Geisenheyner

SMARY

Performence characteristics of the centrifugal conpressor of
the I-40 jet-propul sion engine were determined Wi th the engine
installed in an airplane fuselage in the Ceveland altitude wnd
tunnel. A standard I-40 turbojet engine was used in the investi-
gation, which was conducted over a range of simulated altitudes
from 10,000 to 40,000 feet and rem pressure rati os from0.98 to
1.76.  Duri ng the investigation the conpressor Mach nunber varied
from0.72 to 1.46. Performnce characteristics are presented as
functions of corrected air flow and conpressor Mack nunber.

Fromresults obtained overa wide range of altitudes, it was
determined that t he conpressor performence i S primarily dependent
on the conpressor-inlet Mch nunber. Variations of Reynolds number
of the air at the compressor inlet had little effect on conpressor
performance. At low compressor Mach nmbers, i ncreased ranpressure
ratios so shifted the compressor operating |ine that | ower compres-
sor PresSsurd ratio, compresdorefficiency, and compressor pressure
coefficient wers obtained at a given corrected air flow &% hi gh
compresdor Mach numbers, the effect of ram pressure ratio was
negligible. The meximwm conpressor efficiency obtained was 72 per-
cent at_static conditions. At a eorrected engine speed of 11,500 rpm,
the compréssor &fficiency was 69 percent, the corrected conpressor
air £low was 77 pounds per second, the conpressor pressure ratio
was 3. 95, and the compressor pressure coefficient was 0. 65. speci al
attenpts to produce compressor surge wexé unsuccessful .

INTRODUCTION

An investigation of the I-40 jet-propul sion engine installa-
tion in an airplane fusel age has been conducted in the O evel and
altitude wind tunnel. Over-all engins characteristics of the
installation are presented in reference 1.
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One of the objectives of the investigation was to investigate
the conpressor characteristics and deternine how effectively the
conpressor operated in this engine. The over-all efficiency of a
turbojet engine is directly dependent on the separate efficiencies
of its conponent parts. In order to obtain the maxi mum possible
efficiency from the engine, the compressor must therefore be oper-
ated as near peak efficiency as possible. An analysis of the per-
f ormance characteristics of the |-40 conpressor is presented. The
conpressor characteristics are presented as functions of corrected
alr flow and compressor Mach number.

Wind-tunnel i nvestigations of this compressor installed in the
| -40 engine were nmade at simulated altitudes ranging from 10,000 to
40,000 feet and rampressure ratios from 0.98 to 1.76. The com
pressor Mach nunber varied from0.72 at mni mum engi ne speeds to
1.46 at maxi mum engine speed

DESCRIPTION OF COMFRESSOR

The | -40-3 compressoxr is a' double-inlet centrifugal -type con-
sisting of three principal parts: the impelier, the diffuser, and
the casing.

The 31-blade double-entry i npeller (fig. 1) has two sets of
bl ades that discharge into a common diffuser. The outlet diameter
of the inpeller is 30 inches and the ratio of outlet-to-inlet
diameter is 3.5. The inpeller-hub length is 11 inches and the
over-all width of the inpeller at the blade tip is 2.75 inches
The inpeller is secured by bolts between two flanged shafts and
rotates on aball thrust bearing at the front and a roller bearing
at the rear (fig. 2). Front and rear inpeller-face cl earances are
0.045 and 0.055 inch, respectively. The impeller-annulus mean
clearances at front andrear are 0.039 and 0.061 inch, respectively.

The diffuserhas vanes, equally speced around the conpres-
sor periphery (fig. 3}, which direct the air into 14 air adapters
leading to the conmbustion chanbers. Diffuser elbows, containing
four turning vanes each, sodirectthe air flow that it enters the
conmbustion chanbers axially. The conpressor casing, which has
smooth interior surfaces, is bolted to the diffuser.

Protective S-mesh screens nade of 0,036-inch-dlametexr W re
were instal |l ed over each compressor inlet. The conbined inl et
area, front and rear, to the conpressor measured at the screens
is approximtely 6.53 squarefeet. The conpressor-outlet area,
measured atthe point of instrunentation, station 4 (fig. 4),is
approxi mately 1.62 square feet
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The conpressor was designed to devel op a pressure ratio of 4
with an eir flow of 80 pounds per second at an engine speed of
11,500 rpm at sea |evel.

JINSTALIATION

_ The I-40 engine i nstalled in the airplane fuselege was mounted
inthe 20-foot-di aneter test section of the Cleveland altitude wind

_tunnel. Air entered the airplane through inlets on both sides of

the fuselage near the wing fillets and flowed through dusts into
t he plenum chamber surrounding the engi ne. The air then entered
t he openings of the double-entxry conpressor (fig. 4).

Two configurations were used to simulate static and £light
conditions. For static tests, air wastaken from the tunneltest
section through the airplane inlet ducts; for flight conditions,
air was conducted from the tunnel meke-up air systemto the air-
pl ane inlet ducts through aY-shaped rem duct. The air flow in
the ramduct was regulated by neans of a butterfly valve |ocated
approximately 147 feet upstreamof the Inlet ducts. This air wae
throttled from approxi mately sea-level pressure to the pressure
cfpreifonding to the desired ram pressure ratio at the desired
al titude.

- The airplane installation al so includes a tail pipe 19 inches
in diameter and 93 inches |ong

INSTRUMENTATION

The engi ne was extensively inetrumented as shown in figure 5.
The conpressor instrumentation was |ocated at stations 2, 3, and 4
and the tail-pipe instrumentation at station 8 (fig. 4).

The front conpressor-inl et instrumentation (station 2) con-
sisted of 14 total -pressure tubes and 7 thermocouples. The rear
conpressor-inl et instrumentation (station 2) consisted of 28 total-
pressure tubes and 14 thernocoupl es. The instrumentation was
mounted om the engine truss-ring support and equal ly spaced over
a surface 3 inches above the compressor-inlet screens.

During one phase of the Investigation, three rakes of five
total -pressure tubes each and one rake of five static-pressure
tubes were placed immediately forward of the inpeller in the
front conpressor inlet. One of these rakes is shown at station 3
in figure 5. The rakes were |ocated at approxi mately 90° inter-
val s.
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The conpressor-outl et instrumentation consisted of three rakes
of five total-pressure tubes and four thernocouples placed diagonally
across three air adapters equally spaced circumferentially around the
engine. The tail-pipe-nozele outletinstrumentati on was composed Of
& rake of 18 total-pressure tubes, 3 static-pressure tubes, and
10 thermocouples. Two sets of static-wall orifices were placedg0o®
apart around the periphery of the tail pipe 1 inch upstream of the
outlet end of the tail pipe

TEST CONDITIORS

I nvestigations were conducted at sinulated altitudes of 10,000,
20,000, 30,000, and 40,000 feet and ram pressure ratios of 0.98, 1.09
1.20, 1.32, 1.33, and 1.76. The total pressure in the engi ne plenum
chanber was maintained at the proper val ue to simulate a desired ram
pressure ratio at a given siml ated altitude, BACA standard conditions
of tenperature were reasonably maintained in the tunnel test seoction
and the engine plenum &nber for each sinulated altitude and ram
condition. For eaoh condition of altitude and ram pressure ratio,
the engine was runover its full range of operable speeds.

During static conditlons, velocities from76 to 127 feet per
second were induced in the tunnel test section by the ejector effect

of the jet and by the tunnel exhaust scoop, which was |ocated in the
Sir streamimediately downstream of the test section

SIMBOLS

The synbol s and the necessary val ues used in this report are:

A area, (sq ft)

a speed of sownd in air, (£t/sec)

Cp specific heat of gas at constant pressure, (0.241 Btu/ib/°R)
D diameter of rotor, (ft)

g accel eration due to gravity, (ft/sec?)

J mechanical equi val ent of heat, (778 £4-1b/Btu)

Ky gas-flow calibration factor for tail-pipe-nozzle outletrake,

(0.964)
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N
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conpressor Mach nunber

engine speed, (rpm)

total pressure, (1b/sg £t absol ute)
static preasure, (1b/sg £t absol ute)
gas constant

total tenperature, (°R)

I ndicated temperature, (o0x)

static tenperature, (°R)

rotor tip speed, (£t/sec)

wei ght flow, (1b/sec)

thermocouple | npact-recovery factor, (0.86)
ratio of specific heats, (ep/ey)

rati o of absolute compressor-inlet total tenperature and
NACA standard sea-|evel tenperature (T2/519)

ratio of conpressor-inlet total pressure and NACA standard
sea-level pressure

conpressor efficiency, (percent)
conpr essor pressure coeffi ci ent

pts

ambient, or free-stream conditions
average conpressor inlet

conpressor face

conpressor outlet

t ur bi ne-nozzl e inlet

tail-pipe-nozzle 'outlet
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a air )
C compressor

f fuel ?\::
24 ges

n turbine throat

8 tail-pipe-nozzle outlet shell

x annul ar increment of area in tail -pi pe-nozzle outl et

The fol |l owing paraneters are generalized to NACA standard at mospheric
conditions at sea | evel:

LANG)

5

corrected air flow, (1b/sec)

corrected engi ne speed, (rpm

Ela

METHEODS OF CALCULATION
Ram Pressure Retio

Ram pressure ratio is the ratio of the average of the front and -
rear mmpressor-inlet total pressures to the tunnel static pressure,

P2/pg.

Mach Nunber

The compressor Mach nunber is defined as the ratio of the tip
speed of the compressor bl ades to the velocity of sound corresponding
to the total tenperature of the inlet air. Mach number ia represented
by the dinensionless ratio

MzUt— KDN'

= .,



NACA RM No. E8GO2a

Tenperat ures

The compressor-ocutlet total tenperature can be cal culated from

2 2
T, =T LLl=-a/R Wat4
4 i,4 2Jgoy \ A Dy

Because conpressor-outlet static pressure was not neasured, indicated
tenperature and total pressure are used instead of static tenperature
and static pressure, respectively, in this equation. This substitu-
tion introduced a negligible error in the inpact-recovery corrections.
The thernocouple Inpact-recovery factor a was determined from cali-
bration tests run on representative thernocouples of the type used.

The total tenperature at the conpressor inlet is assumed to be
equal to the indicated tenperature because the velocity at the com
pressor inlet is low. This assunption Introduced an error of |ess
than 0.2 percent.

Alr Flow

Gas flow was calculated fromtail-pipe-nozzle outlet (station 8)
measurenments of pressure and tenperature. Because the surveys across
the tailpipe were nonuniform the area was divided into & series of
annuli and the gas fl ow caleulated t hrough each annulus. A summation
of these incremental gas flows ie the total ges flow through t he engi ne.
The fol | ow ng equation was used:

4 N

-1 |2

-1
z ‘ <I_>’£ 7 -1} +a (EE) 7 -1
f 7 D Px

where G is the correction factor for expansion of the tail pipe at
high tenperatures:
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C=1+18x 10 (7,5 - 520)

A derivation of the gas-flow equation is presented in reference 1.
Fuel flow was t hen subtracted from the gas flow inorderto obtain
the air flow:

Efficiency

The following equati on was used in calculating compressor
efficlency:

7=l

y
Fa)\ 4
Py

Ta o

T2

e

where the value of ¥y is assuned to be constant at 1.393.

Pressure Coefficient

The pressure coefficient is the ratio of the work of adiabatic
conpression between initial and final pressures and the theoretica
wor k of adi abatic compreesion in a channel rotating with the same
tip speed as the compressor tip speed. The equation for conpressor
pressure coefficient is

2=
: y
‘ll = S_Ji}.P. Tz <P_4.) - 1
U, 2 Py

RESULTS AND DISCUSSION
Met hod of Analysis

Conpl ete conpressor performance characteristics are usually
presented by the use of the conpressor pressure ratio and the cor-
rected air fl owas variables. A full range of operating character-
igtics such as det erm ned from compressor dynamometer-rig | nvesti -
gations was inpossible to obtain during altitude-w nd-tunne
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C=1+1.8x 1079 (T, - 520)

A derivation of the gas-flow equation is presented in reference 1.
Fuel flow wee then subtracted from the gas flov inorderto obtain
t he air flows

Wa=Wg-Wf
Efficiency

The following equati on was used i n calculating compressor
ef ficiency:

where the value of ¥ is assumed to be constant at 1.393

Pressure Coefficient

The pressure coefficient is the ratio of the work of adiabatic
conpressi on between initial and £inal pressures and the theoretica
wor k of adi abatic compression in & channel rotating with the same
tip speed as the compressor tip speed. The equation for compressor
pressure coefficient | S

il S
Y
w:%Tz <P—4‘) - 1
U, 2

P

RESULTS AND DISCUSSIOR
Method of Anslysis

Conpl et e compressoxr perfor mance characteristics are usual ly
presented by the use of the conpressor pressure ratio and the cor-
rected air flov es variables. A full range of operating character-
i stios such as determ ned from conpressor dynamometer-rig investi-
gations was i Npossi bl e to obtain during al titude-w nd-tunnel



NACA RM N6. E8GO2a 9

investigations of the conpl ete engi ne because significant air-flow
variation at a given speed was inpossible. Performance character-
istics were therefore determined only at conditions set by the over-
all operating characteristics of the conplete engine and are pre-
sented in the form of an operating |ine. Figure 6 is an example of
the operating line, which represents the relation between the
conpressor pressure ratio and corrected air flow when the engine
speed is varied. The operating line may also be represented by

the relation between conpressor pressure ratio and conpressor Mach
Runber. Both representations of the operating |ine are presented
erein.

The position of the operating |ine with respect to its coor-
dinates is a function of the turbine-nozzle area and the ratio of
the turbine-nozzle-inlet tenperature to the conpressor-inlet tem-
perature, as will be shown. Whenthe pressure rati o across 8
nozzle is above the critical value (approxinately 1.89), the flow
through the nozzle is approximtely equal to

i
Wy = EAnPs75
N/Ts-
where K is a constant.
From the foregoing equation and the definitions of 8 and 8,

the corrected air flow In the critical-pressure renge i s approximtely
equalto

P575
W, Py
5
Tz
where K; is a constant. Inasmuch as the total-pressure drop across

the combustion chanbers is small, Pg/Pp is very nearly equal to the
compressor pressure ratio Py/Pp, and from the preceding discussion

apparently the only operational variable that affects the relation
between the corrected air flow and the conpressor pressure ratio is
the ratio of the tenperature of the gases at the turbine inlettothe
tenperature of the air at the conpressor inlet. In addition to the
foregoing factor, the back pressure on the turbine nozzle affects

the air flow when the pressure across the nozzle is less than the
critical value
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The performence characteristics presented were determned from
instrumentation |ocated above the conpressor-inlet screena. This
met hod of determnation penalized the conpressor for |osses through
the inlet screens and the conpressor-inlet ducts. These | osses,
determ ned fromthe conpressor-face instrunentation, varied from
3percent of the absolute total pressure at maximum engine speed to
a negligible amount at | ow engine speeds. The decrease in conpressor
efficiency resulting fromthe inclusion of the inlet soreen and inl et
ducting as part of the compressor anounted to about 2 percent at
maxi mum engi ne speed

Position of Conpressor Operetlng Line

Conpressor performance data taken at several altitudes are gen-
eralized by applying correction factors that account for variations
in Mach number of the air streamat the conpressor inlet. Wen the
data were generalized in this manner the conpressor operating line
was found to be independent of variations in altitude (fig. 6). The
correspondence anmong the results when corrected for changes in the
Mech nunber that acconpany changes in altitude show that the varia-
tions in the Reynol ds nunmber, which also acconpany changes in alti-
tude, have little or no effect on the I-40 conpressor performence.
The doubl e absci ssa ascele on figure 6 indicates the relation between
conpressor Mach number and corrected engi ne speed.

At | ow conmpressor Mach numbers, an increase in ram pressure
ratio at a given corrected air flow caused a decrease in the
conpressor pressure ratio end a shift in the opsrating line to the
right with respect to the coordinates (fig. 7). At high conpressor
Mach numbers, the effect of increased ram pressure ratio was
negligible.

Conpressor Efficiencies

The altitude effect (Reynolds-number effect) on conpressor effi-
ciency is negligible as shown in figure 8(a). A meximum conpressor
efficiency of 72 percent was obtained at static conditions (fig. 8(b))
Thi s value wasmaintained from mninumcorrected air flowto a
corrected air fl ow of about 70 pounds per second, where it began to
decrease gradually. These corrected aixr flowscorrespond to m ni num
conpressor Mach nunber and a conpressor dMach nunber of 1.12, respec-
tively. An increese in rampressure ratio at |ow corrected air flows
(1 ow conpressor Mach nunbers} decreased the efficiency. At high
corrected air flows, ram pressure ratio had a very slight effect on
ef ficiency.
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The conpressor efficiency charecteristics are presented in
figure 9. This curve i s constructed fromthe operating |ines pre-
sented in figure 7 and the efficiencies presented in figure 8. The
operating |ine appears to pass to the high-air-flow side of the
regi on of maxi mumefficiency on the efficiency-contouxr pl ot.

Pressures

The rel ation among conpressor pressure ratio, conpressor Mch
nunber, corrected engine speed, and corrected air flow has been dis-
cussed. The meximum pPressure ratio across the compressor was 4. 55.
At this pressure ratio, the corrected sir flow was about 83 pounds
per second and the conpressor Mach nunber was 1.45.

Conpressor pressure coefficients are presented in figures 10
and 11 in the same manner that the conpressor efficiencies are pre-
sented infigures 8 and 9. The altitude effect on the relation
bet ween conpressor pressure coefficient and corrected air flow was
negligible (fig. 10(a)). Figure 10(b) shows that an increase in
rampressure rati o caused EL decrease in the pressure coefficient at
| ow corrected air flows (low conpressor Mach numbers); however, at
high corrected air flows (high conpressor Mach nunbers) the rem
pressure effect on compressor pressure coefficient was negligible.
The maximwm pressure coefficient obtained for the conpressor was 0.65
(fig. 10). The pressure coefficient was practically constant at this
val ue at static conditioms throughout the full renge of investigations.

The contours of the con&ant-pressure coefficients presented in
figure 11 show that the conpressor operating line for a ram pressure
ratio of 0.98 coincides with the maximum pressure-coefficient contour
of 0.65

A total -pressure survey across three air adapters (station 4},
conducted at eight different engine speeds varying fromthe | owest
operabl e speed to a nmaxi mum speed of 11,500 r-pm shoved constant
pressure distribution across each air adapter as well as negligible
pressure variation fromone adapter to anocther.

Performance at Corrected Engine Speed of 11,500 rpm

Ata corrected engi ne speed of 11,500 rpm, t he compressor
pressure ratio wae3.95 and the corrected air flow was 77 pounds per
second. At these corditions t he compressor efficiency was 69 percent
and t he compressor pressure coefficient was 0.65.
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Conpressor surge, which is indicated by intermttent reversa
of flov at the compressor outlet, vas not encountered at nornmm
engi ne operating conditions. Abttempts to produce conpressor surge
at lov altitudes and | ov temperetures wer e unsuccessful.

SUMMARY OF RESULTS

The results from the investigation of the performance of the
centrifugal conpressor in the I-40 jet-propul sion engine are sum
mari zed as followa:

1. From results obtained-over a vide range of altitudes it vas
determined that the conpressor performance is primarily dependent
on the conpressor-inlet Mach nunber. Variations of Reynolds nunber
inthe air at the conpressor inlet that acconpany changes in altitude
h&v-e no appreciable effect on the relation among corrected air flov,
conpressor pressure ratio, conpressor Mach nunber, conpressor effi-
ciency, and conpressor pressure coefficient

2. Increased rem pressure ratio at low conpressor Mach nunbers
caused a shift in the conpressor operating line so that a decrease
1n conpressor efficlency, conpress-or pressure coefficient, and
conpressor pressure ratio ocourred at & given corrected air flov.

At Pjghbfonpressor Mach nunbers, rampressure-ratio effects were
negligible.

3. A maximum conpressor efficiency of 72 percent vas obtained
at static conditions. This value was practically constant from the
minimum CONPressor Mach nunber to a Mach number of 1.12, where the
efficiency began to decrease. At high conpressor Mach nunbers,
increasing the ram pressure ratio had a negligible effect on effi-
ciency, but at lov conpressor Mach nunbers the efficiency decreased
with increasing ram

4. The maximum pressure ratio obtained was 4.55. The corrected
air flow et this pressure ratio was approxi mately 83 pounds per second
and the conpressor Mach nunber was 1.45.

" 5. The maximum conpressor pressure coefficient obtained in the
investigations wae 0.65. The pressure coefficient remained practi -
cally constant at this value at static conditions throughout the
full range of investigation. Rampressure ratio had a negligible
effect an conpressor pressure coefficient at hi gh conpressor Mach
numbers, but at low conpressor Mach numbers the conpressor pressure
coefficient decreased with an increase in ram pressure.

642
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8. At a corrected engi ne speed of 11,500 rpm, t he conpressor
pressure ratio was 3.95 and the corrected air flow was 77 pounds per
second. At these conditions the conpressor efficiency was 69 percent
and the conpressor pressure coefficient was 0.65. At low altitudes

and tenperature, special attenpts to meake t he compressor surge were
unsuccessful .

Flight Propul sion Research Laboratory,
National Advi sory Conmittee for Aeronautics,
Ceveland, Onio.
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compressor efficisncy.
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Figure 9. - Adlabatic temperature-rise efficlency charaoter-

Istics at simulated altitude of 30,000 feet.

lw
!



NACA RM No. ESG02a

Compressor pressure coefficlent, ¥

80

«60

«40

«20

.80

.80

«20

<]

27

“‘ﬂﬁﬁ"’

R

Approximate
simulated
altitude

(rt)
10, 000

20,000

30,000
40,000

>oao

(a) Effect of altitude at

ram pressure ratio of 1l.20.

N

Ram
pressure
ratio

Tt

0.98
1.20

Tl N f

1.53
1.76

bOOCO

20 40

60 80 100

Corrected alr flow, WzVe/8, 1lb/sec

{b) Effect of ram pressure ratlio at simulated altitude

of 30,000 feet.

Pigure 104- Oompressor pressure coefficient.
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Figure ll.- Pressure coefficlent contours at simulated
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